Prolamin is the dominant class of seed storage protein in grasses (Poaceae). Information on the 10 kDa multigene family coding for prolamins characteristic of the bambusoid-oryzoid grasses is limited. Two genes encoding 10 kDa prolamin were cloned and sequenced in the bambusoid species Phyllostachys aurea to assess the sequence diversity of this gene family in the oryzoid-bambusoid grasses. The genes, ϳ417 bp in length, were 96% similar at the DNA sequence level, differing in 12 base substitutions dispersed throughout the sequence. Eight of these mutations were nonsynonymous, leading to amino acid substitutions in the coding region, and one was nonsense, producing an amber stop codon. One gene had an open reading frame (ORF) of 139 amino acids, while the other gene had a shorter ORF (106 amino acids) due to the presence of a stop codon in the coding region and, thus, represents a pseudogene. Deduced proteins showed amino acid composition similar to that of rice. The study underscores the overall conserved nature of this multigene family and reflects considerable sequence divergence at the DNA and amino acid levels between the Oryza and the Phyllostachys genes. The systematic implication of the data is discussed in light of the inconsistent placement of Oryza in the Bambusoideae or Oryzoideae.
Prolamin is the principal storage protein in the grains of the majority of grasses and cereal crops (Poaceae) . The relative molecular masses of major prolamin polypeptides in grasses vary from 10 to 100 kDa (Hilu and Esen, 1988) . Prolamin polypeptide component number and molecular masses in grasses follow a systematic trend where the six grass subfamilies fall into three prolamin-size groups: (1) the Bambusoideae-Oryzoideae (10-17 kDa), (2) the Arundinoideae-Chloridoideae-Panicoideae (20-35 kDa), and (3) the Pooideae (35-100 kDa) (Hilu and Esen, 1988; Esen and Hilu, 1989) . This pattern also marks welldefined grass lineages circumscribed in recent molecular systematic studies of the Poaceae (Barker, Linder, and Harley, 1995; Clark, Zhang, and Wendel, 1995; Liang and Hilu, 1996) . The 10-17 kDa prolamin characterizes the very basal clades of the bambusoid-oryzoid grasses; the 20-35 kDa prolamin designates the terminal PACC group (Panicoideae-Arundinoideae-Chloridoideae-Centothecoideae), currently considered as a well-defined monophyletic lineage; and the complex 35-100 kDa prolamin occurs in the pooid lineage. Detailed studies on various grass subfamilies revealed the effective utility of prolamin protein in the systematics of Poaceae at the tribal level Esen, 1990, 1993; Hilu, 1991, 1993) . Therefore, the prolamin represent macromolecules that have a potential in resolving systematic and evolutionary relationships in the Poaceae.
The different classes of prolamins are encoded by a group of multigene families (Shewry, Napier, and Tatham, 1995 structure, encoded by the smallest genes, and the least complex gene family. Because of the simple nature of the 10-17 kDa prolamin genes and the basal position of the lineages they designate (Liang and Hilu, 1996; Barker, Linder, and Harley, 1995; Clark, Zhang, and Wendel, 1995) , it is important to investigate their structure and diversity as a first step toward the utilization of these and other more complex prolamin genes in grass systematics and evolution. Our knowledge of genes encoding the low molecular weight (LMW) prolamins typical of the oryzoid-bambusoid grasses is confined to only three species of Oryza. This is a nominal representation of a group that encompasses 90 genera and ϳ800 species of diverse habit and habitat (Clayton and Renvoize, 1986; Clark, Zhang, and Wendel, 1995) . Rice (Oryza sativa L.) prolamin genes are organized into three gene families encoding 10, 13, and 16 kDa proteins (Shewry, Napier, and Tatham, 1995) . cDNA sequences are available for all three groups (Kim and Okita 1988a, b; Masumura et al., 1989 Masumura et al., , 1990 and for other less abundant prolamin clones (Shyur and Chen, 1990; Shyur, Wen, and Chen, 1992; Wen et al., 1993) . cDNA sequences for the 10 kDa genes have been reported for the related wild species O. rufipogon Griff. and for O. longistamminata Chev. et Roehr. (Barbier and Ishihama, 1990) . The nucleotide sequence similarity between the latter two species and domesticated rice was quite high (99 and 95%, respectively). Genomic DNA sequences are also available for the 10 kDa (Feng et al., 1990) , the 13 kDa (Sha et al., 1995 GenBank) , and the 16 kDa prolamins (Kim and Okita, 1988a) 
This study focuses on the 10 kDa prolamin coding genes in Phyllostachys aurea Riv., Bambuseae, and their sequence similarities at the DNA and amino acid levels to the known prolamin gene sequences in Oryza, Oryzeae. The two tribes have either been assigned to the Figs. 1, 2. Polymerase chain reaction (PCR) amplified 10 kDa prolamin genes of Oryza sativa (lane 1) and Phyllostachys aurea (lane 2). 1. PCR products resolved on 0.8% agarose gels. The first and last lanes represent Lambda HindIII and 1 kb ladder molecular weight markers, respectively. 2. Southern blot of the amplified product in Fig. 1 . A 10 kDa rice prolamin insert was labeled with 32 P and used as a hybridization probe.
Bambusoideae or placed in two separate subfamilies, the latter being assigned to the Oryzoideae.
MATERIALS AND METHODS
Fresh leaves of Phyllostachya aurea and Oryza sativa were used for isolation of genomic DNA following Hilu (1994) . The 10 kDa genes were amplified via the polymerase chain reaction method (PCR) with 2.5 units of Taq DNA polymerase, ϳ1 g template DNA, 10 pmol/L of each primer, and 2.5 mmol/L MgCl 2 in a final volume of 50 L. Amplification was carried out in a Perkin Elmer Cetus thermal cycler (MJ Research, Watertown, Massachusetts, USA) with 30 cycles of 1-min denaturation at 95ЊC, 1-min annealing at 45ЊC, and 3-min DNA synthesis at 72ЊC. The two primers used (Fig. 3) were designed based on the published cDNA sequence of Barbier and Ishihama (1990) . For positive identification of the PCR products prior to sequencing, the DNA was resolved on 0.8% agarose gel and the DNA was transferred in a Southern blot to a Zeta-probe membrane via the alkaline method (Reed and Mann, 1985) . A 10-kDa rice prolamin insert was labeled with 32 P using the Random Primers DNA Labeling System (Promega, Madison, Wisconsin, USA). The membranes were hybridized with the radioactive probe overnight at 65ЊC in 3ϫ sodium chloride/sodium citrate buffer (SSC; 0.15 mol/L NaCl, 0.015 mol/L sodium citrate), 20 mmol/L phosphate buffer pH 7.0, 7% SDS, 10ϫ Denhardt's solution, and 100 g/mL salmon sperm DNA, washed twice in 2ϫ SSC for 15 min each, once each in 1ϫ and 0.5ϫ SSC for 10 min and exposed to Kodak XAR-5 film.
Prolamin-positive PCR products (verified by the Southern blot assay) were subcloned into the BamHI/EcoRI site of the pUC18R vector for further mapping and sequencing (Sambrook, Fritsch, and Maniatis, 1989) . Positive clones were sequenced by an automated DNA sequencer (ABI Prism TM 377, Foster City, California, USA) using Taq polymerase, DyeDeoxy TM terminator cycle sequencing method with pUC primers. Various options of the DNAStar program (DNASTAR, Madison, Wisconsin, USA) were used for sequence alignment and data analysis.
RESULTS AND DISCUSSION
Electrophoresis of amplified products revealed a single fragment of ϳ400 bp in length from both P. aurea and O. sativa genomic DNA (Fig. 1) . The size of the DNA fragments was quite similar to that reported for the 10 kDa prolamins of rice (Barbier and Ishihama, 1990 ). The amplified products should represent most of the coding region since the two primers we designed (Fig. 3) complement two relatively conserved motifs of the cDNA sequence of Barbier and Ishihama (1990) : the signal sequence Met-Ala-Ala-Tyr-Ser of the 5Ј end, and a unique amino acid sequence Gln-Ser-Ser-Cys-Gly at the 3Ј end of rice prolamin. The amplified products from both species hybridized to the rice cDNA probe in the Southern blot assay. The DNA hybridization confirmed that the amplified products contain prolamin gene sequences (Fig.  2) . The lack of a ladder pattern for the amplified products on the agarose gel and the Southern blot implies that the 10 kDa prolamin genes in bamboo (and rice) are not found in tandem repeats. The 10 kDa genes, thus, differ from the 15.3 kDa prolamin genes of rice, which were reported to occur in short tandem repeats (Kim and Okita, 1988b) .
DNA sequences of 418 bp were obtained for three clones of the Phyllostachya prolamin genes. Alignments of the three sequences revealed two forms of the prolamin genes in this species (Fig. 3) . The two forms were 96% similar at the DNA sequence level, differing in 12 base substitutions dispersed throughout the sequence. Eight of these mutations were nonsynonymous, leading to amino acid substitution in the coding region, three mutations were synonymous, and one mutation at nucleotide position 85 (relative to the translation start) was nonsense, producing an amber stop codon (Fig. 3) . Most of the mutations were observed in triplets coding for glutamine, alanine, and leucine. Five of the nonsynonymous mutations in the long-form sequence resulted in substitutions with leucine, potentially increasing the hydrophobicity in the bamboo prolamins compared with the rice protein. The genes lack tandem repeat peptides, a feature common to all prolamin genes of maize, wheat, barley, and rye. However, both bamboo and rice 10 kDa prolamins have doublets and triplets of amino acids, with bamboo having 17 doublets and two triplets compared with 12 doublets and two triplets for rice prolamin.
One form of the gene contains an open reading frame (ORF) of 139 amino acids, comprising the entire nucleotide sequence (Fig. 4) . The ORF for the second form of the prolamin gene revealed protein sequence of 106 amino acids due to the presence of an internal nonsynonymous mutation that resulted in an amber stop codon close to the end of the leader peptide sequence. The latter form is obviously a pseudogene. The size of the transcribed prolamin form in bamboo is intermediate between rice 10 kDa prolamin (135 amino acids) and 15.3 kDa prolamin (145 amino acids for the deduced ORF; Kim and Okita, 1988b) . The amplification of a single DNA band in bamboo that is similar to rice 10 kDa prolamin genes in molecular mass and in size of ORF indicates that the 10 kDa bamboo prolamin genes, like rice, do not have introns.
Figs. 3, 4. Sequences alignment for two 10 kDa prolamin genes of the bamboo species Phyllostachys aurea and GenBank sequence of O. sativa (PGR95-033; Zhu, 1995) . 3. Alignment of the nucleotide sequences. 4. Alignment of the amino acid sequences deduced from the nucleotide sequences in Fig. 3 . Primers sequences are underlined. BamboL and Bambosh signify the long and short sequences of 10 kDa genes of bamboo.
Lack of introns is a common feature of prolamin genes (Shewry, Napier, and Tatham, 1995) .
Deduced proteins of both sequences showed similar amino acid composition with high mole percentage of alanine, glutamine, methionine, and leucine. These four amino acids constitute 50.2/51.6% by mass or 49.6/ 49.3% by frequency of the protein for the Phyllostachya and Oryza species, respectively (Table 1) . Cysteine plus methionine content in bamboo prolamin was quite comparable to that of rice (23.9 vs. 25.4%, respectively). Thus, deduced amino acid content of the bamboo 10 kDa prolamins, like that of rice (Masumura et al., 1989) , reflects the sulfur-rich nature of this class of prolamins. Compared with rice, the Phyllostachya prolamin has higher molecular mass but lower specific mass (1 A 280 1.01 mg/mL vs. 2.28 mg/mL), which indicates that the bamboo protein is less compact than that of the rice.
The bamboo DNA sequences were aligned with the rice 10 kDa prolamin cDNA sequence obtained from GenBank (Zhu, Z. P.; PGR95-033). The two forms of P. aurea prolamin genes showed ϳ77% similarity to rice at the DNA sequence level. The aligned sequences revealed two deletions, 9 and 12 nucleotides in length, in rice at the 300-350 bp region. These deletions did not result in a frame shift in the deduced protein sequence (Fig. 4) . Further studies are needed to evaluate the evolutionary and systematic potential of these indels in the bambusoidoryzoid grasses. In contrast to the 77% similarity between the Phylostachys and Oryza 10 kDa sequences, 99 and 95% similarity values were obtained from our alignment of the 10 kDa GenBank sequences of O. sativa and its proposed progenitor O. rufipogon and of O. longistaminata, respectively. These data point to the conserved nature of the 10 kDa genes at the intrageneric level and their potential contribution to systematic studies at the tribe and subfamily level in the Poaceae. These findings also point to the presence of a considerable amount of diversity in the 10 kDa gene family in these grasses and stress the need to assess the magnitude and pattern of mutations in the 10 kDa gene family as a nuclear macromolecule with potential application to grass systematics. The type of gene family and amount of substitutions could provide qualitative and quantitative markers in the systematics of this taxonomically difficult family, particularly of the basal clades where disagreements prevail (see Barker, Linder, and Harley, 1995; Clark, Zhang, and Wendel, 1995) . Oryza and Phylostachys belong to the tribes Oryzeae and Bambuseae, respectively. These two tribes have either been placed in the subfamily Bambusoideae or in two very closely allied subfamilies Oryzoideae and Bambusoideae, respectively (reviewed in Hilu and Wright, 1982) . The prolamin size and immunological study of Hilu and Esen (1988) and Esen and Hilu (1989) showed that both rice and bamboo have prolamin bands of ϳ10-15 kDa, but these prolamins displayed very low immunological similarity. Analysis of deduced amino acids showed 66% similarity between the transcribed form of Phyllostachys prolamin gene and the rice gene. The 66% similarity between rice and bamboo prolamins is in line with the immunological study, reflecting considerable divergence and lending support to the treatment of the oryzoid and bambusoid grasses at the subfamily level.
The genes encoding the 10 kDa prolamins of the bamboo species P. aurea displayed the specific molecular feature of this multigene family and the overall structural composition of prolamin genes. Protein deduced from the bamboo gene displayed typical S-rich prolamin composition as well as high mole percentage of alanine, glutamine, methionine, and leucine; these four amino acids constituted ϳ50% of the bamboo and rice prolamin. The study also showed that in spite of the differences in amino acid content, the 10 kDa genes of bamboo and rice were very similar in physical characteristics as reflected in the overall content of charged, polar, and hydrophobic amino acid content (Table 1) . Therefore, the study underscores the constrained selection pressure on these prolamin genes and emphasizes their potential application to grass systematics and evolution LITERATURE CITED
